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I n t r o d u c t i o n  

A coiiunon fea tu re  o f  gas -so l i d  reac t i ons  i s  t h a t  the  o v e r a l l  process i nvo l ves  
severa l  steps: ( 1 )  mass t r a n s f e r  o f  reac tan ts  and produc ts  from b u l k  gas phase 
t o  the i n t e r n a l  sur face  o f  the  r e a c t i n g  s o l i d  p a r t i c l e ;  ( 2 )  d i f f u s i o n  o f  gaseous 
reac tan ts  o r  products through the  pores o f  a s o l i d  reac tan t ;  ( 3 )  adsorp t i on  
of  gaseous reac tan ts  on so l  i d  reac tan t  s i t e s  and deso rp t i on  of  r e a c t i o n  products 
from s o l i d  surfaces; ( 4 )  the  ac tua l  chemical r e a c t i o n  between the  adsorbed 
gas and s o l i d .  

I n  s tudy ing  gas -so l i d  reac tan ts ,  we a re  concerned w i t h  these f o u r  phenomena 
and o ther  phenomena which a f f e c t  t he  o v e r a l l  r a t e  o f  r e a c t i o n  and performance 
of  i n d u s t r i a l  equipment i n  which these gas -so l i d  r e a c t i o n s  a r e  c a r r i e d  ou t .  
These o the r  phenomena inc lude :  
reac tors ,  and changes i n  the  s o l i d  s t r u c t u r e ,  a l l  o f  which a f f e c t  t he  r a t e  of 
d i f f u s i o n  and sur face  area a v a i l a b l e  f o r  reac t i on .  The r e a c t i o n  t o  be s tud ied  
i s  the  r e a c t i o n  between carbon and carbon d iox ide  t o  form carbon monoxide. 
Th is  reac t i on  i s  o f  importance f o r  i t  i s  one o f  the  pr ime reac t i ons  occu r r i ng  
i n  coal  g a s i f i e r s ,  and a l s o  i t  i s  a r e a c t i o n  on which t h e r e  i s  da ta  f rom o the r  
i n v e s t i g a t i o n s  (1-17).  Considerable discrepancy has been found f o r  a c t i v a t i o n  
energies which ranges from 48-86 kcal/mol and f o r  r e a c t i o n  r a t e  constants.  
Th is  can be exp la ined by the  somewhat o v e r s i m p l i f i e d  v iew o f  the  mechanism which 
was thought t o  be r a t e - c o n t r o l l i n g ,  and the  s i m p l i f i c a t i o n  made i n  the  cor res-  
ponding r e a c t i o n  r a t e  models. 

Gulbransen and Andrew ( 2 )  showed t h a t  t he  i n t e r n a l  su r face  area of  g r a p h i t e  
increased du r ing  r e a c t i o n  w i t h  carbon d iox ide  and oxygen, 
s tud ied  g raph i te  rods f o r  the  poss ib le  c o r r e l a t i o n s  e x i s t i n g  between r e a c t i o n  
r a t e s  and changes i n  sur face  area du r ing  reac t i on .  
r e a c t i o n  develops new surface, t o  some ex ten t ,  by e n l a r g i n g  t h e  micropores 
of the  s o l i d  b u t  p r i n c i p a l l y  by opening up pore volume n o t  p rev ious l y  a v a i l a b l e  
t o  reac tan t  gas e i t h e r  because the  c a p i l l a r i e s  were t o o  smal l  o r  because e x i s t -  
i n g  pores were unconnected. Surface area increased up t o  a p o i n t  where r a t e  o f  
p roduc t ion  o f  new su r face  equa l led  the  d e s t r u c t i o n  o f  o l d  sur face ,  a f t e r  which 
surface area then cont inued t o  decrease. 
reac t i on ,  Petersen ( 4 )  found t h a t  observed r a t e s  were n o t  s imp le  func t i ons  o f  
the  t o t a l  a v a i l a b l e  surface area as determined by low-temperature adsorp t ions  
p r i o r  t o  reac t i on ,  as migh t  be expected i f  the  r e a c t i o n  was chemica l - reac t ion  
con t ro l  1 ed. 

heat  t r a n s f e r ,  f l ow  o f  gases and s o l i d s  through 

Walker e t  a l .  (3 )  

They concluded t h a t  t he  

For the  graph i te -carbon d i o x i d e  
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Turkgodan e t  a l .  (18) s tud ied  the  pore  c h a r a c t e r i s t i c s  o f  several  carbons, 
g raph i te ,  coke and cha rcoa l .  They concluded t h d t  about 1/2 o f  t he  volume i s  
l oca ted  i n  micropores and t h e r e f o r e  no t  a v d i l a b l e  fo r  reac t i on ,  Most o f  the 
i n t e r n a l  surface area was loca ted  i n  pores i n  t h e  micropore range. The pore 
vo l  unie, pore surface area, and e f f e c t i v e  d i  f fus i  v i  t y  increased w i t h  conversion 
du r ing  i n t e r n a l  ox ida t i on ,  

Dut ta  and Wen (16, 1 7 )  s tud ied  the  r e a c t i v i t i e s  of several  raw coa ls  and 
chars.  
d i  Fferent conversions from scanning e l e c t r o n  micrographs. 
was proposed t h a t  i nco rpo ra ted  the  change of  the  r e l a t i v e  a v a i l a b l e  sur face  
area dur ing  reac t i on .  No measurements o f  t h i s  change were made. 
expression, which i nc ludes  t h e  i n f l uence  of  a chemical and d i f f u s i o n  r e a c t i o n  
c o n t r o l l i n g  niechanisnis, i s  expressed 

They noted a change i n  t h e  ac tua l  pore s t r u c t u r e s  o f  a few samples a t  
A r a t e  equat ion  

A r a t e  

dX 
1) c =  d t  rl s k c ( l - x c )  

c02 
where: 

X c  i s  the conversion o f  t h e  s o l i d  

S i s  the  sur face  area a v a i l a b l e  fo r  r e a c t i o n  
k i s  the r e a c t i o n  r a t e  cons tan t  
rl i s  the e f fec t i veness  f a c t o r  

t i s  t ime 

i s  the  concen t ra t i on  of  C02 i n  gas phase cco2 

The e f fec t i veness  f a c t o r  n i s  equal  t o  t h e  r a t i o  of  the  r e a c t i o n  r a t e  under 
d i f f u s i o n - c o n t r o l l e d  cond i t i ons  t o  t h a t  which would occur i f  the  concent ra t ion  
of  reac tan ts  were equal t o  t h e  su r face  concent ra t ion .  For  a f i r s t  o rde r  d i f f u -  
s ion -con t ro l l ed  r e a c t i o n  the  i n f l uence  of  po re -d i f f us ion  i s  g iven  by equat ion  2) 

where : 

S i s  t h e  s p e c i f i c  sur face  
k i s  t he  r e a c t i o n  r a t e  cons tan t  

rc i s  t h e  rad ius  of  t h e  p a r t i c l e  

De i s  t h e  e f f e c t i v e  d i f f u s i v i t y  

The e f fec t i veness  f a c t o r  n i s  a func t i on  o f  the  e f fec t i ve  modulus, $, which 
i s  dependent upon t h e  e f f e c t i v e  d i f f u s i v i t y ,  D . The e f f e c t i v e  d i f f u s i v i t y  
and t h e  surface area a v a i l a b l e  f o r  r e a c t i o n  chgnge du r ing  the  reac t i on ,  
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I 

1 
This itidy be expressed as 

s = so f iXC)  

De = D h (X,) 
en 

4 )  

5 )  

where So and De 
a t  zero convers?on, and f (Xc )  and h(Xc) a re  func t i ons  o f  conversion, X c .  
de te r i l l i na t ion  o f  these changing parameters and t h e i r  i n f l u e n c e  on the  
o v e r a l l  r e a c t i o n  r a t e  i s  the  o b j e c t i v e  o f  t h i s  research. 

a r e  the  a v a i l a b l e  sur face  area and e f f e c t i v e  d i f f u s i v i t y  
The 

E f f e c t i v e  D i f f u s i  v i  t y  

I .  Theore t ica l  Development o f  Model 

Experiinental de termina t ion  o f  t he  e f f e c t i v e  d i f f u s i v i t y  i n  coa l  i s  performed 
i n  a packed bed o f  coal  p a r t i c l e s  w i t h  a c a r r i e r  gas f l o w i n g  through the  
bed. A pu lse  i n  the  concen t ra t i on  o f  t he  adsorbate gas i s  i n t roduced  
a t  the i n l e t  o f  the  packed bed. The mass t r a n s f e r  c h a r a c t e r i s t i c s  o f  
the  bed change the  shape o f  t he  pulse as i t  passes through t h e  bed. 
t h e o r e t i c a l  model desc r ib ing  the  mass t r a n s f e r  i n  t h e  bed i s  used t o  
r e l a t e  the  unsteady s t a t e  concent ra t ion  response i n  t h e  bed e f f l u e n t  t o  
the  o r i g i n a l  pu l se  i n p u t .  By app ly ing  the  model t o  the  exper imental  da ta ,  
the  parameters of the  model a re  determined. The model desc r ib ing  t h e  mass 
t r a n s f e r  i n  t h e  packed bed cons is t s  o f  unsteady s t a t e  m a t e r i a l  balances 
i n  the  packed bed and the  coal  p a r t i c l e s .  Equations (6-14) descr ibe  t h e  
mass t r a n s f e r  i n  the  packed bed o f  p a r t i c l e s  and the  boundary cond i t i ons .  

Ma te r ia l  balance on coal  p a r t i c l e  

A 

Relati.on between adsorbed concen t ra t i on  and concen t ra t i on  o f  sur face  

Boundary condi  t 

q ( r c ,  t )  = KcC ( r c .  t )  

ons 

3 (0, t )  = 0 
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Mate r id l  balance on packed bed 

r) 

Boundary cond i t i ons  

11. S o l u t i o n  o f  the Model 

Three a l t e r n a t i v e  techniques f o r  s o l u t i o n  and subsequent parameter 
es t ima t ion  from the  model a r e  curve f i t t i n g  i n  the  t ime domain, curve 
f i t t i n g  i n  the  Laplace o r  F o u r i e r  domain, and the  method o f  moments. 
Moments o f  the response curve  r e s u l t i n g  from a pu lse  i n p u t  can be solved 
a n a l y t i c a l l y  f o r  t he  s o l u t i o n  t o  the  model i n  t h e  Laplace domain. Para- 
meter e s t i m a t i o n  i s  achieved by matching the  measured moments w i t h  t h e  
a n a l y t i c a l  expression f o r  t he  moments. The method o f  moments was used i n  
t h i s  work because i t  does n o t  r e q u i r e  a numerical  s o l u t i o n  t o  the  model and 
because parameters es t ima t ion  can be performed i n  the  t ime  domain. 
Laplace t rans form i s  app l i ed  t o  t h e  t ime v a r i a b l e  i n  t h e  equat ions and 
boundary cond i t i ons  o f  t he  model. 
equat ions i s  ob ta ined a f t e r  a p p l y i n g  t h i s  t rans form.  A theorem r e l a t i n g  
the  t ransformed s o l u t i o n  t o  the  abso lu te  and c e n t r a l  moments o f  t ime 
domain s o l u t i o n  i s  

The 

A system o f  coupled o r d i n a r y  d i f f e r e n t i a l  

dn - M, = ( -1 ) ”  l i m  - c ( s ,  z )  
SO dsn 

The nth abso lu te  moment 

M =  n 

i s  de f i ned  as: 

8 - Mn 

MO 
lq - - 

0” 
The nth c e n t r a l  moment i s  de f i ned  by :  

App ly ing  equat ion 15) t o  the  t rans formed s o l u t i o n  o f  t he  model r e s u l t s  
i n  the  f o l l o w i n g  equat ions  f o r  t h e  f i r s t  abso lu te  and second c e n t r a l  moments: 
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I 19) 

These two equat ions r e l a t e  the model parameters t o  the  moments which can 
be ca l cu la ted  from experimental da ta .  

Experi!!iental 

WYODAK subbituminous coal ,  p a r t i c l e  s i z e  35 x 60, was used i n  the  
experimental s tudy .  The exper imental  system cons is ted  o f  a pu lse  reac to r ,  
Figure 1, a f low type BET apparatus, F igure  2, and t h e  chromatographic 
apparatus, F igure  3 .  Th is  al lowed de terminat ions  o f  surface area and 
e f fec t i ve  d i f f u s i v i t y  t o  be made i n  con junc t i on  w i t h  r e a c t i o n  s tud ies  
w i thou t  removing the  sample. 

Measurements o f  sur face  area and e f f e c t i v e  d i f f u s i v i  t y  were made on raw 
coa ls .  Surface area measurements were made by adsorbing carbon d i o x i d e  
a t  195 K f o r  30 minutes. The s i n g l e  p o i n t  BET method was used f o r  evalua- 
t i o n  o f  the  sur face  area. The raw coa ls  were d e v o l a t i l i z e d  by hea t ing  a t  
SoC/min t o  a temperature o f  8OO0C t o  produce a coa l  char.  Changes i n  sur -  
face area and e f f e c t i v e  d i f f u s i v i t y  were again detprmined. The coal  char 
was then p a r t i a l l y  reac ted  a t  a temperature of 800 C by i n j e c t i n g  a known 
volume o f  carbon d iox ide .  Changes i n  surface area and e f f e c t i v e  d i f f u s i -  
v i t y  were again determined. 
s i o n  o f  the  carbon i n  the  coal approached 1.0. 

Th is  procedure was repeated u n t i l  t h e  conver- 

Resul ts and Discussion 

The d e v o l a t i l i z a t i o n  caused s t r u c t u r a l  changes which a re  r e f l e c t e d  i n  an 
average weight l o s s  o f  41% o f  t he  i n i t i a l  weight,  a decrease i n  the  d i f f u -  
s i o n  coe f f i c i en t ,  and an increase i n  t o t a l  surface area. Table 1 g i ves  
these changes f o r  t h ree  WYOOAK samples. The increase i n  sur face  area repre-  
sents the  opening o f  pores which were n o t  access ib le  be fore  d e v o l a t i l i z a t i o n .  
Walls c l o s i n g  of f  pores a re  d e v o l a t i l i z e d  and smal l  pores i naccess ib le  t o  
the  i n i t i a l  CO adso rp t i on  are en la rged because o f  t h e  e v o l u t i o n  o f  v o l a t i l e  
ma te r ia l  du r in5  the  heat ing ,  
tance t o  d i f f us ion ,  seen as a decrease i n  the  d i f f u s i o n  c o e f f i c i e n t .  The 
smal l  pores and enlarged pore fo rm a more complex network o f  vo ids  w i t h i n  
the  p a r t i c l e s .  
increase i n  t o t a l  a v a i l a b l e  surface area and a decrease i n  t h e  d i f f u s i o n  
coe f  f i c i  en t  . 
The heterogeneous chemical r e a c t i o n  causes cont inuous changes i n  the  pore 
s t ruc tu re  due t o  the  consumption of  carbon. 
s lowly  as the  r e a c t i o n  cont inues toward complet ton. 
changing i n t e r n a l  s t r u c t u r e  a f f e c t s  t h e  d i f f u s i o n  o f  gaseous reac tan ts  
and products t o  and from the a c t i v e  carbon s i t e s  w i t h i n  the  p a r t i c l e .  

Th is  new pore s t r u c t u r e  has a g rea te r  r e s i s -  

The produc t ion  of  char by d e v o l a t i l i z a t i o n  causes an 

Pore w a l l s  a re  being g a s i f i e d  
The c o n t i n u a l l y  
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! These phenomena iiiay be descr ibed by examining F igure  4 which i s  a p l o t  
o f  the d i f f u s i o n  c o e f f i c i e n t  da ta  f o r  the th ree  WYODAK samples measured 
a t  var ious carbon conversions, The d i f f u s i o n  c o e f f i c i e n t  increases s low ly  
a t  low conversion and i s  soinewhdt s t a b l e  du r ing  t h e  mid-range o f  conversion, 
bu t  increases very q u i c k l y  as the  r e a c t i o n  nears complet ion.  Overa l l  the  

can be c o r r e l a t e d  by 
d i f f u s i o n  c o e f f i c i e n t  increases as carbon conversion inreases. These data ( 

21 1 - D C  = (0.06) exp (1 .7  . Xc)  
r 

C 

which gave an index o f  de te rm ina t ion  o f  0.88. Phys i ca l l y ,  the pore 
s t r u c t u r e  a f t e r  d e v o l a t i l i z a t i o n  cons is t s  o f  a smal l  amount o f  vo id ,  charac- 
t e r i s t i c  o f  t h e  low d i f f u s i o n  c o e f f i c i e n t  which means t h a t  the  res i s tance  t o  
d i f f u s i o n  i s  s u b s t a n t i a l .  Dur ing  r e a c t i o n  these pores g radua l l y  en la rge  due 
t o  g a s i f i c a t i o n  o f  the  carbon. There fore  as conversion increases the  pore 
volume o r  vo id  increases r e s u l t i n g  i n  l ess  res i s tance  t o  d i f f u s i o n ,  which 
i s  r e f l e c t e d  by the inc rease i n  t h e  d i f f u s i o n  c o e f f i c i e n t .  

The CD2-char r e a c t i o n  occurs a t  a c t i v e  carbon s i t e s  upon the  coal  char 
surface. Thus the  consumption o f  the reac tan t  carbon w i l l  a f f e c t  the  t o t a l  
surface area. The t o t a l  sur face  area decreases f o r  these WYODAK samples 
as the carbon conversion inc reases ,  Figure 5.  A s  conversion goes toward 
completion, pore w a l l s  which a r e  measured as sur face  area a re  g a s i f i e d  
o r  consumed by the  r e a c t i o n  causing a decrease i n  t o t a l  sur face  area. 

Figure 5 shows the  s p e c i f i c  sur face  area versus the  carbon conversion. 
The s p e c i f i c  surface area f i r s t  goes through a minimum a t  low carbon con- 
versions and then a maximum as carbon conversion goes toward complet ion.  
Mahajan and Walker (19) p red ic ted  the  maximum i n  t h e i r  q u a l i t a t i v e  descr ip -  
t i o n  o f  the  r e a c t i o n  process. Du t ta  and Wen (16) found t h a t  t he  r e a c t i o n  
r a t e  reaches amaximum a t  a carbon convers ion  o f  approximately 0.2 f o r  reac- 
t i o n s  c a r r i e d  ou t  a t  low temperatures.  I n  an a t tempt  t o  c o r r e l a t e  t h i s  data 
they  assumed a r e a c t i o n  r a t e  model, Equat ion 1 ) .  f o r  the  chemical c o n t r o l l e d  
regime. They i nco rpo ra ted  i n t o  t h e  model a proposed f u n c t i o n  o f  conversion 
which descr ibes changes i n  sur face  area. 

a = 1 2 100 x"," exp (-Bx,-) 

where a equals the  s p e c i f i c  sur face  area d i v i d e d  by the  i n i t i a l  s p e c i f i c  
surface area. 
da ta  the parameters o f  t he  proposed func t i on  were es t imated  by Dut ta  and 
Wen (16 ) .  Th is  f u n c t i o n  desc r ib ing  changes i n  s p e c i f i c  sur face  area 
e x h i b i t s  a maximum a t  approx imate ly  the  same conversion as our  da ta .  
A t  low temperatures where r e a c t i o n  r a t e  i s  predominant ly chemica l l y  
c o n t r o l l e d ,  the  maximum i n  t h e  r e a c t i o n  r a t e  vs. convers ion  data can be 

F i t t i n g  the model t o  the  r e a c t i o n  r a t e  versus conversion 
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explained by the fac t  t h a t  the s p e c i f i c  sur face  f o r  chemical r e a c t i o n  
a lso  goes through a maximum and t h i s  behav io r  o f  the s p e c i f i c  area has 
been exper imenta l l y  confirmed. 
p red ic t s  e i t h e r  a maximum o r  minimum f o r  the va lue  o f  a, b u t  no t  bo th .  
I n  a recent paper Bhat ia  and Per lmuter ( 2 0 ) ,  us ing  a random pore model 
have der ived  an expression f o r  surface area as a f u n c t i o n  of  converslon 

The problem w i t h  equat ion  22) i s  t h a t  i t  

where L , S and E are the i n i t i a l  t o t a l  pore l eng th ,  surface area 
t o  volu8e r s t i o ,  a8d p o r o s i t y  respec t i ve l y .  
our data p r e d i c t i n g  bo th  a minimum and maximum i n  values o f  s p e c i f i c  
surface area, F igure  6.  

This equat ion  c o r r e l a t e s  
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